The slipper orchids (Cypripedioideae) are a morphologically distinct subfamily of Orchidaceae. They also have some of the largest genomes in the orchids, which may be due to polyploidy or some other mechanism of genome evolution. We generated 10 transcriptomes and incorporated existing RNA-seq data to infer a multilocus nuclear phylogeny of the Cypripedioideae and to determine whether a whole-genome duplication event (WGD) correlated with the large genome size of this subfamily. Knowing more about timing of ancient polyploidy events can help us understand the evolution of one of the most species-rich plant families.
Orchids are found worldwide and contend with Asteraceae as the most species-rich plant family Chase et al., 2015) . The most recent common ancestor of approximately 28,000 extant orchid species arose some 110 million years ago (Ma) in Australia, and the family now has a worldwide distribution (Christenhusz and Byng, 2016; Givnish et al., 2016) . Many orchids grow in soil, but most species grow as epiphytes on the trunks and limbs of trees. Epiphytic orchids make up the bulk of orchid species diversity, but they also represent a large portion of all epiphyte diversity, making up 69% of vascular epiphytes worldwide (Zotz and Winkler, 2013; Pérez-Escobar et al., 2017) . In addition to the adaptations necessary for this epiphytic habit, orchids have other evolutionary innovations such as mostly bilaterally symmetric flowers, fused reproductive organs, specialized pollination syndromes, and specialized secondary metabolites such as vanillin (Joel et al., 2003; Moreira and Isaias, 2008; Cai et al., 2014) . These and other characteristics explain their widespread charisma and utility as important models for evolutionary biology and ecology (Dearnaley, 2007; Ramirez et al., 2011) . In fact, they have been part of the evolutionary canon since Charles Darwin wrote on the adaptations of orchids in relation to their pollinators just after the Origin of Species (Darwin, 1862) .
Orchid taxonomy has always been dynamic. Orchids have been circumscribed variously as their own order, part of Liliales, and most recently placed in Asparagales as the sister lineage to the rest of the order (Lindley, 1826; Dressler, 1981; Pires et al., 2006) . Currently, Orchidaceae consists of five monophyletic subfamilies: Apostasioideae, Vanilloideae, Cypripedioideae, Orchidoideae, and Epidendroideae (Chase et al., 2015) . Synapomorphies for Cyprepedioideae are their sac-shaped labellum or lip, two fertile stamens, a shield-shaped staminode, and a synsepal composed of adnate lateral sepals (Dressler, 1981) .
Though the monophyly of Cypripedioideae has long been known (Garay, 1960 , Górniak et al., 2010 , the monophyly of each of the five Cypripedioideae genera-Cypripedium, Selenipedium, Phragmipedium, Mexipedium, and Paphiopedilum-was not determined until Albert and Chase delineated the monotypic genus Mexipedium by renaming Phragmipedium xerophyticum as Mexipedium xerophyticum (1992) . With the advent of sequencing technology, molecular data such as the internal transcribed spacer (ITS) were used to determine phylogenetic relationships. Using ITS sequences, Cox et al. (1997) found Selenipedium, Cypripedium, and Paphiopedilum were successive sister lineages to a clade comprising Phragmipedium and Mexipedium. Combining ITS and five noncoding regions in the plastid genome, found an early split in the subfamily between a Selenipedium+Cypripedium lineage and a clade including Paphiopedilum sister to the Mexipedium+Phragmipedium clade, though maximum parsimony (MP) does not support the Cypripedium + Selenipedium clade. When the data sets were analyzed separately, the ITS phylogram showed no MP support and a Bayesian posterior probability of 63 for a Cypripedium+Selenipedium clade, while the chloroplast tree indicated Cypripedium as sister to the rest of Cypripedioideae with 96% bootstrap support and a Bayesian posterior of 85 . A more recent study from Guo et al. (2012) used six chloroplast and two nuclear markers from 25 species and identified Cypripedium sister to the rest of the subfamily with Selenipedium, and Paphiopedilum successively sister to Mexipedium and Phragmipedium. Though the branch separating Cypripedium from the rest of the genus was highly supported in the analysis of Guo et al. (2012) , it was relatively short, and the branch separating Selenipedium from Paphiopedilum, Mexipedium, and Phragmipedium had bootstrap support of 57 and 97 from maximum parsimony and maximum likelihood analyses, respectively.
Slipper orchids have some of the largest genomes in orchids. Genome sizes in the orchid family range two orders of magnitude (0.33-55.4 pg/C), and those of the slipper orchids also have a wide range (4.1-43.1 pg/C), including some of the largest genomes of any orchid (Leitch et al., 2009) . Cypripedium exhibits the full range of known genome sizes for the subfamily (4.1-43.1 pg/C), while Phragmipedium ranges from 6.1-9.2 pg/C, Paphiopedilum ranges from 16.5-39.5 pg/C, and Mexipedium has a size of 6.7 pg/C (Leitch et al., 2009; Bennett and Leitch, 2012) . No genome sizes have been reported for Selenpidium. Whole-genome duplication can contribute to increasing genome size. Variation in transposable element (TE) proliferation and removal are other sources of genome size change that can be associated with change in effective population size, heterochromatin formation, recombination, and drift (Grover and Wendel, 2010) . Chromosome fission and other chromosomal rearrangements have also been described in the subfamily (Karasawa and Tanaka, 1980; Jones, 1998) . Cypripedium and Selenipedium diploid genomes contain 20 chromosomes, while Phragmipedium is usually 2n = 18, but many species contain teleocentric chromosomes that sum to 18 (Cox et al., 1997; Leitch et al., 2009) . Mexipedium diploid genomes have 26 chromosomes, as do most Paphiopedilum genomes, but some have as many as 37 or 41 chromosomes (Cox et al., 1997; Leitch et al., 2009) . Some Paphiopedilum species show karyotype bimodality with four large chromosomes with the rest much smaller.
In this study, we used a phylogenomic approach to test the phylogenetic inference of previous studies and to determine whether ancient polyploidy may have contributed to genome size evolution. We sequenced transcriptomes for each of the five genera of the Cypripedioideae and related outgroups to accomplish three aims. First, we inferred multilocus nuclear phylogenies to investigate the relationships among the genera of the Cypripedioideae, Second, we used the recently developed Phylogenetic Placement of Polyploidy Using Genomes or PUG pipeline (McKain et al., 2016) to identify and place ancestral whole-genome duplication events (WGDs). Finally, we organized the phylogenetically informative genes identified in our transcriptome data into a resource that could be used for targeted phylogenomics (e.g., Grover et al., 2012; Lemmon et al. 2012; Heyduk et al. 2016a, b) across Orchidaceae. Our study complements recent orchid genome sequencing efforts (Cai et al., 2014; Zhang et al., 2016 Zhang et al., , 2017 and previous phylogenomic analyses (Deng et al., 2015) by adding additional taxa and critically comparing orchids to other Asparagales.
MATERIALS AND METHODS

Taxon sampling
One species from each slipper orchid genus plus five additional taxa were newly generated in this study and were sequenced as part of the Monocot Assembling the Tree of Life project (MonAToL). Other orchid ingroup taxa were chosen from the 1000 Plant Transcriptomes project (1kp) as indicated in Table 1 and Appendix 1 (Wickett et al., 2014) . Outgroup taxa for our analyses were chosen from Asparagales lineages and published genomes to provide phylogenetically informative outgroups to the orchids (Table 1, Appendix 1). For all transcriptomes, young leaf or apical shoot meristem tissue was sampled for RNA extraction.
mRNA isolation and sequencing
Total RNA was isolated using the Qiagen RNeasy kit (Qiagen, Germantown, MD, USA). RNA-seq libraries were prepared for sequencing on an Illumina GAIIx or HiSeq 2000 or NextSeq 500 platform using standard kits (e.g., NEBNext Ultra Directional RNA library kit; New England Biolabs, Ipswich, MA, USA) according to the manufacturer's protocols. The total number of raw reads for these transcriptomes are reported in Appendix S1 (see Supplemental Data with this article).
Transcriptome assembly, translation, and gene family circumscription
Paired-end reads were cleaned using Trimmomatic v.0.32 (Bolger et al., 2014) as implemented in the program Trinity (Release 20140717) (Grabherr et al., 2011) with adapter cleaning for TruSeq adapter sequence and two seed mismatches (ILLUMINACLIP:TruSeq2-PE.fa:2:30:10) and a sliding window of 10 bp with an average Phred score of 20 (SLIDINGWINDOW:10:20) . If cleaned reads totaled more than 50 million, the read normalization option in Trinity was invoked with a default maximum read coverage of 50. Reads were assembled as paired-end with no assumed directionality. After assembly, reads were aligned to the transcriptome assembly using bowtie v.0.12.7 (Langmead et al., 2009) , and read abundance for contigs was estimated with RSEM v.1.2.17 (Li and Dewey, 2011) using the align_and_estimate_abun-dance.pl script available in Trinity utilities. FPKM (fragments per kilobase of exon per million fragments mapped) was estimated for each Trinity identified gene, and the percentage of mapped fragments to isoforms within a gene was determined. Isoforms with a 1% or higher value of mapped fragments were kept as wellsupported transcripts for further analysis.
Transcripts were translated using the RefTrans pipeline (McKain et al., 2016 ; https://github.com/mrmckain/RefTrans). Using BLASTX with an e-value cutoff of 1e-10 (Camacho et al., 2009) , transcripts were aligned with the Phalaenopsis equestris genome gene models (Cai et al., 2014) . BLAST results were filtered to identify best hits to a given Phalaenopsis gene model. Best hits were defined as sequences with the lowest e-value and the highest reciprocal coverage that was greater than or equal to 85%. What is meant here is that a minimum 85% of the total length of the transcript had to overlap with at minimum 85% of the total length of a Phalaenopsis gene model. Best hits were used by GeneWise 2.2.0 as models for translation (Birney et al., 2004) . Longest translations of each transcript were used, and when internal stop codons were identified, they were removed from the transcript assemblies.
Gene families for transcripts were circumscribed using OrthoFinder v.0.2.0 (Emms and Kelly, 2015) with default settings. In addition to transcriptomes, gene models from the genomes of Elaeis guineensis v.1.0 (Singh et al., 2013) , Musa acuminata v.1.0 (D'Hont et al., 2012) , Phalaenopsis equestris v.1.0 (Cai et al., 2014) , Vitis vinifera v.12X (Jaillon et al., 2007) , and Amborella trichopoda v.1.0 (Amborella Genome Project, 2013) were included. Orthogroups were filtered so that only those containing at least 10 sampled taxa were kept.
K s frequency plot estimation
K s frequency plots were estimated using the FASTKs pipeline (https://github.com/mrmckain/FASTKs). Translated transcriptomes were aligned against themselves using BLASTN with an evalue cutoff of 1e-40. BLAST hits were then filtered if they were 100% identical across their alignment, had less than 300 base pairs aligned, or had less than 40% identity. For each pair, amino acid sequences were aligned in MUSCLE v.3.8.31 (Edgar, 2004) and converted to codon-based alignments using PAL2NAL v.13 (Suyama et al., 2006) . The synonymous substitution rate (K s ), the nonsynonymous substitution rate (K a ), and the ratio K a /K s were estimated using PAML 4.8 (Yang, 2007) with the paired sequence setting (yn00; Yang and Nielsen, 2000) and the F3 X 4 model (Goldman and Yang, 1994) for estimating codon frequencies. K s plots were used as supporting information for putative whole-genome duplication events. 
Gene tree reconstruction
Amino acid sequences were aligned for all orthogroups with 10 or more sampled taxa using PASTA v.1.6.3 (Mirarab et al., 2014a) under default settings. Amino acid alignments were then used as a guide for codon-based alignments of CDS implemented in PAL2NAL v.13. Gene trees were reconstructed using RAxML v.8.1.17 (Stamatakis, 2014) under a GTR+Γ evolutionary model and 500 bootstrap replicates. Gene trees were further analyzed for species tree reconstruction and phylogenetic placement of wholegenome duplication as described below.
Species tree reconstruction
Single-copy gene families were identified using the same protocol described by McKain et al. (2016) . In brief, gene trees and their corresponding alignments were reduced using the clone_reducer. pl script (https://github.com/mrmckain/clone_reducer) by identifying clades composed of the same taxon supported with a bootstrap value of 50 or more and choosing the longest transcript in the clade as a representative. Total counts for each taxon in reduced orthogroup alignments were used to identify 777 orthogroups with no more than one representative sequence per taxon. We call these putatively single-copy orthogroups, though we must acknowledge that all paralogs within a multicopy gene family may not have been sampled in RNA seq data. Further, even in singlecopy gene families, paralogs may be misidentified as orthologs due to non-orthologous gene loss during the rediploidization process (Robertson et al., 2017) The species tree was estimated using both concatenation and coalescence-based summary methods. Reduced CDS alignments for the 777 single-copy orthogroups were concatenated, and gaps were inserted where taxa were missing. The concatenated species tree was estimated using RAxML v.8.1.17 under a GTR+Γ evolutionary model and 500 bootstrap replicates with Amborella trichopoda set as the outgroup. Individual gene trees for reduced CDS alignments were estimated for all single-copy orthogroups as above with RAxML. ASTRAL-II v.4.7.6 (Mirarab et al., 2014b ) was used to estimate the coalescence-based species tree from these individual gene trees with 100 bootstrap replicates.
Polyploidy identification and phylogenetic placement
The 2404 gene trees found to not be in single copy were analyzed using the Phylogenetic Placement of Polyploidy using Genomes (PUG) software and algorithm (https://github.com/mrmckain/ PUG) to identify putative paralogs and paleopolyploid events with the ASTRAL-II generated species tree as a guide as the concatenated and coalescence-based trees had congruent topologies (McKain et al. 2016) . Each multicopy gene tree was rerooted to a non-Asparagalean outgroup with preference given in the order: Amborella trichopoda, Vitis vinifera, Musa acuminata, and Elaeis guineenis. PUG was used to estimate all potential paralogs using the "estimate_paralogs" option, which identifies all unique sequence combinations of a taxon for each multi-copy gene tree. For each potential paralog pair, their coalescence node was identified, and the resulting paralog subtree was queried for species composition to resolve the gene tree to the species tree. The sister lineage to the paralog subtree was also queried for species composition, and if the combined species composition of the paralog subtree and the sister lineage resolve to the same node in the species tree, the placement was considered acceptable for the duplication of that putative paralog pair. Results from PUG were filtered for a minimal bootstrap value of 80 for each paralog pair coalescence node in an orthogroup tree.
Exon boundary identification for single-copy orthogroups
Single-copy orthogroups were further processed to provide a tractable data set for target enrichment (Grover et al., 2012) across the orchids. Design of target enrichment probes using transcriptome data necessitates identification of exon boundaries (Heyduk et al. 2016b ). Identification of exon boundaries was guided by the genome annotation of Phalaenopsis equestris. Of the 777 singlecopy orthogroups, 775 contained a P. equestris gene and were used to create the single-copy data set. The P. equestris GFF annotation file (Cai et al., 2014) was used to identify the positional information for exons of each gene found in the 775 orthogroups. Exon positions were converted to relative positions within each gene, and orthogroup alignments were then split along P. equestris exon boundaries. The first exon of an alignment was defined as the start of the orthogroup's P. equestris gene. If an alignment contained sequence information from other taxa that came before the start of the Phalaenopsis sequence, this region was split off as an alternative exon, named exon 0, to prevent issues with unknown exon boundaries. If the last exon of a Phalaenopsis sequence is shorter than the total alignment, the rest of the alignment is included as part of the last exon for the orthogroup. The pipeline for identifying exon boundary can be found at https://github.com/mrmckain/ Target_Enrichment.
RESULTS
Transcriptome assemblies, translations, and orthogroups
The size of assembled transcriptomes ranged from 29,029 (Oncidium sphacelatum) to 273,887 (Cypripedium acaule) FPKMfiltered transcripts. Translated sequences were much lower, mostly due to the conservative filter of 85% reciprocal overlap to a Phalaenopsis equestris sequence, with a range of 2352 (Oncidium sphacelatum) to 17,593 (Cypripedium acaule). All counts for FPKM-filtered transcripts and translated transcripts can be found in Table 1. A total of 42,652 orthogroups were identified from the 18 transcriptomes and five genomes used for this study. When filtered for a minimum of 10 taxa, the total number of orthogroups was reduced to 3181. These orthogroups were used for species tree estimation and identification and resolution of phylogenetic placement for WGD events through orthogroup tree reconstruction.
Species tree estimation from single-copy gene families
Sequence alignments for 777 single-copy orthogroups were concatenated and a maximum likelihood (ML) tree estimated (see Materials and Methods). The resulting alignment included 1,412,226 sites and produced a well-resolved phylogeny with bootstrap values (BSV) of 100 for all nodes, except for the placement of Phalaenopsis relative to Oncidium sphacelatum and Leochilus labiatus within the Epidendroideae (Appendix S2). The ASTRAL-II species tree was estimated from the 777 individual orthogroup trees using ASTRAL v.4.7.6 (Fig. 1) . The ML and ASTRAL-II estimations were congruent with respect to both topology and support values with the only node below 100 BSV being the placement of Phalaenopsis relative to other epidendroids (BSV 75 in the ML tree and BSV 84 in ASTRAL-II tree).
Overall, the topology of the tree agrees with previously published phylogenies for Orchidaceae (Gorniak et al., 2010; Givnish et al. 2015) . As expected, Orchidaceae is sister to other members of Asparagales, forming a clade that is sister to commelinids. The limited sampling of taxa in this tree, however, should be considered when looking at general relationships of core monocots, which have been difficult to discern (Barrett et al., 2016) . Within Orchidaceae, Apostasia, as the sole exemplar for Apostasioideae, was placed as sister to the rest of the family. Vanilloideae is sister to the other subfamilies, followed by Cypripedioideae, which is sister to a clade consisting of Orchidoideae and Epidendroideae. Relationships of the four species in Epidendroideae suggest Dendrobium (tribe Dendrobieae) is sister to other epidendroid species, although support values were not robust (ML BSV 75, ASTRAL BSV 84). A clade comprised of Leochilus and Oncidium (both in tribe Cymbidieae) is weakly supported as sister to Phalaenopsis (tribe Vandeae).
Inferred relationships within Cypripedioideae are well supported (BSV 100) despite very short branches (Appendix S2). Cypripedium acaule is sister to the rest of the subfamily. Selenipedium aequinoctiale is sister to a clade consisting of Paphiopedilum callosum, Mexipedium xerophyticum, and Phragmipedium lindleyanum. Phragmipedium and the monotypic genus Mexipedium are sister, which agrees with previous estimates of relationships (Albert and Chase, 1992) .
Whole genome duplication
K s frequency plots for many orchid taxa (See Fig. 1 ) suggest the presence of one or more putative whole-genome duplication events. The K s frequency plots for Leochilus, Dendrobium, and Oncidium (the three smallest transcriptome data sets from orchids FIGURE 1. Reconstructed coalescence tree and K s frequency plots for Lanaria lanata, outgroup Asparagales taxon Apostasia nipponica, and Cypripedium acaule. Each orchid subfamily is colored accordingly, and all bootstrap values are 100 unless noted. Branch lengths were not estimated. K s distribution components were estimated using mclust and mapped onto histograms of paralog pair K s values for each species. The components are hypothesized to be background gene duplications (green), putative whole-genome duplications (purple), alleles or sequencing errors resulting in high identity transcripts (blue), and potential whole-genome duplications with low support (black). All represented plots (A-C) have secondary peaks (purple), suggesting whole-genome duplication. The modal K s value of these events varies with the Lanaria event (A) with K s = 0.85, the Apostasia events (B) with K s = 0.45 and K s = 0.85, and the Cypripedium event (C) with K s = 0.45. There is a potential second event in Cypripedium at K s = 1.10. A total of 10,010,315 putative paralog pairs were identified across all species for the pre-reduced 3181 gene trees. Gene trees from orthogroups identified as single copy after reducing intraspecific copy number were included, but provide no additional support to WGD as PUG ignores duplicates found only within a single species. A total of 7195 putative paralog pairs supporting the species tree topology with minimal bootstrap values of 80 were identified from the orthogroup trees (Fig. 2) . These represent 1160 uniquely mapped duplication events across all gene trees. Of these, 214 mapped to the branch leading to the orchid stem lineage, and 270 mapped to the branch leading to the diversification of sampled monocots. A total of 33 unique gene duplication events map to the branch leading to the diversification of Cypripedioideae. Only six unique gene duplications were identified within the Cypripedioideae, with four shared by Paphiopedilum, Phragmipedium, and Mexipedium, and two shared by Phragmipedium and Mexipedium.
Single-copy data set for target enrichment
Genes identified as single-copy in all data sets were used to design sequence capture probes for the orchid systematics community. We focused on the 775 identified single-copy data sets that contained a Phalaenopsis gene to take advantage of the genome and annotated exon boundaries. For each single-copy alignment, we split the transcripts based on putative exon boundaries as determined from the Phalaenopsis equestris genome. The total species contributions to these putatively single-copy orthogroups can be found in Table 2 , and the alignments for these genes that are split at the exon boundaries are available from the Dryad Digital Repository: https://doi.org/10.5061/dryad.5gd00. Baits for these 775 gene families should be useful for phylogenomics investigations across the Orchidaceae.
DISCUSSION
Phylogenetic analysis
Transcriptome data augmented with closely related genomes recapitulates the species relationships that others have inferred using data sets dominated by plastid loci (Guo et al, 2012) and doubles the number of potentially singlecopy loci (Deng et al., 2015) . Short branches in the genus-level Cypripedioideae trees suggest rapid diversification, but 777 nuclear genes provided very high support values for the topology. These results add more evidence that Cypripedium is sister to the rest of the slipper orchid genera and corroborate findings from a small number of nuclear and chloroplast genes. The close relationships of Paphiopedilum, Phragmipedium, and Mexipedium are recovered and highlight the potential for parallel evolution of terrestrial (Phragmipedium and Paphiopedilum), lithophytic or rock-dwelling (Phragmipedium, Paphiopedilum, and Mexipedium), and epiphytic (Phragmipedium and Paphiopedilum) life strategies. An example of variation in strategy between these groups is the presence/absence of tilosomes. These fibrous outgrowths in the root exodermis of many epiphytic orchid clades may function to enhance passage cell effectiveness or help discern which materials can enter the root cortex (Stern et al., 2004) . Tilosomes are found in some Phragmipedium species, but not in Paphiopedilum, though both genera contain epiphytic species (Pridgeon, Stern, and Benzing, 1983) . FIGURE 2. Coalescence-based species tree from 777 putatively single-copy orthogroups with paralog gene duplication events. Mapping results from querying all putative paralogs estimated from gene trees against the species tree using PUG. Total duplications support the previously identified tau event before the diversification of all sampled monocots (270 duplications) and a putative whole-genome duplication event before the diversification of all orchids (214 duplications). There were a small number of duplicates (30) 
Whole-genome duplication
Among monocots, the best-studied paleopolyploid events are the ones that were first identified in grasses. These include the rho WGD at the base of the grass family (Paterson et al., 2004) , and the sigma WGD on the stem lineage for the Poales (Tang et al., 2010) . More recently the tau WGD has been identified as having occurred before divergence of the Asparagales and commelinids (Jiao et al., 2014; McKain et al., 2016) . Independent WGDs have also been identified in the Zingiberales (D'Hont et al. 2012) , Arecaceae (Singh et al., 2013) , Agavoideae (Aspraragales; McKain et al., 2012) , Alismatales (Wang et al., 2014) , and Acoraceae (Cui et al., 2006) . In this study, we used PUG (McKain et al. 2016 ) to infer whole-genome duplications. We found additional evidence of the placement of tau WGD before divergence of Asparagales and the commelinid lineage ( Fig. 2) (Jiao et al., 2014; McKain et al., 2016) . Additional sampling of monocots is required to precisely phylogenetically place the timing of the tau WGD early in the monocot lineage.
Our most striking finding is a WGD event in a common ancestor of all extant orchids. This WGD was independently identified by Zhang et al. (2017) in an analysis of the Apostasia schenzenica genome, a smaller sampling or orchids, and other non-orchid lineages. WGD had previously been suspected to play a role in orchid evolution (Phalaenopsis equestris, Cai et al., 2014; Dendrobium catenatum, Zhang et al., 2016) . With our taxon sampling that includes all the subfamilies of the Orchidaceae, we found strong evidence that there is a WGD at the base of the orchid family, and weak evidence that there may be a WGD at the base of the slipper orchids (Fig. 2 ). Our K s analyses also showed strong peaks between K s values of 0.3-0.5 in every slipper orchid species sampled. Even in the PUG analysis, we see a small number of genes coalescing at the base of the slipper orchid clade. However, if a WGD event occurred more recently, within the slipper orchid clade, we would expect many more duplicates to be evident in our analyses.
Slipper orchid genomes are some of the largest in the family. Cypripedium has a consistent count of 2n = 20 chromosomes, but genome size varies widely between 4.0 Gb to 42.1 Gb (Leitch et al., 2009) . Phragmipedium and Paphiopedilum have smaller genomes, but chromosome counts range from 18 to 42 (Letich et al., 2009) . Karyotype analyses have shown that many of the higher chromosome numbers are due to telocentric chromosomes, indicating a history of chromosomal fission events (Karasawa and Tanaka, 1980; Jones, 1998) . Despite the K s results for slipper orchids, we have concluded that our data do not support a slipper orchid-specific whole-genome duplication. These results do not preclude lineage-species WGD, and increased sampling in Paphiopedilum and Cypripedium may lead to the discovery of novel WGD events contributing to genome expansion in these lineages. K s analyses may not provide sufficient signal for identification of paleopolyploidy events (Cui et al., 2006) ; synteny analysis and assessment of gene tree reconstructions provide much more comprehensive views of genome-wide duplication events. Transcriptome data from tissues other than leaves or chromosomal reference genome assemblies for additional orchid species would further improve resolution of gene and genome duplications in the evolutionary history of orchids. With these caveats in mind, we tentatively conclude that the large genome sizes of some slipper orchids are not due to repeated WGDs, but some other feature of genome evolution such as repetitive element expansion (Cox et al., 1997; Leitch et al., 2009; Soltis et al., 2015; Wendel et al., 2016) . Indeed, a recent study of Paphiopedilum section Barbata suggests that the slipper orchids may have a low-rate of repetitive DNA removal (Yap, 2017) . This conclusion may have larger implications for orchid diversification because recent work by Bilinski et al. (2017) suggests that genome size variation through repetitive sequence proliferation may influence flowering time. Further study is needed to assess associations between habit, altitude, latitude, and flowering time patterns in slipper orchids to see if this pattern also emerges.
With the finding that a whole-genome duplication is phylogenetically located at the base of the orchid family, Orchidaceae becomes another example of diversification within a large plant clade consistent with the WGD radiation lag-time model (Schranz et al., 2012; Tank et al., 2015; Robertson et al., 2017) because the massive increase in epidendroid orchid diversification is much later than the orchid WGD identified in this study (Fig. 2) . Similar lags between WGD and increased diversification have been found in the Asteraceae (Barker et al., 2008 (Barker et al., , 2016 , Brassicaceae (Edger et al., 2015; Hohmann et al., 2015) , Fabaceae (Cannon et al., 2015) , Poaceae (Estep et al., 2014; McKain et al., 2016) , Solanaceae (The Tomato Genome Consortium, 2012; Sarkinen et al., 2013) , core eudicots (Jaillon et al., 2007; Vekemans et al., 2012; Jiao et al., 2012) , the angiosperms (Amborella Genome Project 2013), and other lineages of flowering plants. The relationship between polyploidy and diversification remains controversial (Soltis et al., 2009; Vanneste et al., 2014; Mayrose et al., 2015; Tank et al., 2015; Soltis and Soltis, 2016; Clark and Donoghue, 2017; review: Kellogg, 2016) , but the Orchidaceae now provides another interesting example of polyploidization followed by increased diversification associated with innovations in reproductive biology.
Gene sets for target enrichment studies
The list of genes generated for our phylogenetic analysis represents a conserved set of genes that will be highly useful for the continued study of orchid evolution. With the exon boundaries identified from the Phalaenopsis equestris genome, researchers can use these genes to design baits for use in targeted phylogenomics studies (Grover et al., 2012; Lemmon et al., 2012; Heyduk et al., 2016a, b) .
CONCLUSIONS
Whole-genome duplication events do not explain the large genomes of slipper orchids, but previous work on chromosomal fission and future research into transposable element proliferation may shed more light on this phenomenon (Jones, 1998; Lan and Albert, 2011; Yap, 2017) . Despite not finding a slipper orchidspecific event, we did identify one WGD at the base of the orchid family and validated the previously identified event, tau. It remains to be seen how the ancient polyploid event contributed to orchid evolution. Phylotranscriptomics is an effective approach to study these questions as the same sequence data allow for phylogenetic analyses with orthologs and for genome evolution analysis with paralogs. The sequences curated for the species tree inference will be helpful for those researchers interested in incorporating larger numbers of nuclear sequences into their phylogenetic analysis.
